The Newmark Structural Engineering Laboratory (NSEL) of the Department of Civil and Environmental Engineering at the University of Illinois at Urbana-Champaign has a long history of excellence in research and education that has contributed greatly to the state-of-the-art in civil engineering. Completed in 1967 and extended in 1971, the structural testing area of the laboratory has a versatile strong-floor/wall and a three-story clear height that can be used to carry out a wide range of tests of building materials, models, and structural systems. The laboratory is named for Dr. Nathan M. Newmark, an internationally known educator and engineer, who was the Head of the Department of Civil Engineering at the University of Illinois and the Chair of the Digital Computing Laboratory . He developed simple, yet powerful and widely used, methods for analyzing complex structures and assemblages subjected to a variety of static, dynamic, blast, and earthquake loadings. Dr. Newmark received numerous honors and awards for his achievements, including the prestigious National Medal of Science awarded in 1968 by President Lyndon B. Johnson. He was also one of the founding members of the National Academy of Engineering. 
INTRODUCTION
For composite structures, headed stud anchors (shear connectors) have traditionally been used to transfer shear loads between steel and concrete, especially in composite beams. As the use of composite construction increases, conditions that lead to tension and combined shear and tension in headed studs are becoming more prevalent, such as infill walls, coupling beams, connections to composite columns, or composite column bases. This type of connector has been investigated by numerous researchers worldwide, including work focused on anchoring either to reinforced or prestressed concrete.
Headed stud anchors subjected to tension and interaction have been investigated as an anchorage for steel frames to concrete walls or footings. The most advanced knowledge regarding anchorage to concrete is embodied in ACI 318-08 Appendix D (2008), CEB (1997), and PCI (2004) . Provisions were also included in Appendix B of ACI 349 (1980) that were meant to ensure ductile behavior of cast-inplace anchors. This Standard required that the tensile strength of the anchor was less than or equal to the tensile strength of an idealized concrete cone surface ( Fig. 1(a) ). ACI-349 (2006) , in turn, incorporates the approaches presented in ACI 318-05 Appendix D (ACI, 2005) . However, the philosophy remains based on assuring a ductile failure mode so that the embedment anchor yields before the concrete fails. Ductility is desired to avoid brittle failures by the concrete, particularly in such important structures as nuclear power plants. In Pallarés and Hajjar (2009), regarding headed steel stud anchors subjected to shear forces, a minimum ratio between the height of the stud and the diameter of the shank is proposed so as to help ensure a ductile failure of the stud in the steel shank.
However, the main objective of a number of prior studies of tension in steel anchors has been to determine the behavior of anchors when the length is not sufficient to develop a ductile failure in the steel. As Cannon (1995) reported, in the 1960's there were no established criteria for the design of cast-in-place anchors other than those published by manufacturers of welded studs (e.g., Nelson Stud Welding, 1974). These anchors were of limited depth and were used primarily as shear connectors.
Many studies have also investigated post-installed anchors [e.g., Cook et al (1992 Cook et al ( , 1996 (1995, 2006) ] subjected to tension forces. Cannon (1995) indicates that manufacturers of post-installed expansion anchors usually designed anchors to fail in the concrete, and expounded this feature to promote the quality of their product. However, an advantage of headed studs in composite structures versus post-installed is that they provide more reliable performance since they are cast-in-place and reinforcement can be provided around the anchor to increase the resistance of the connection.
OBJECTIVES
This work reports on the behavior of headed studs embedded in solid concrete slabs both parallel to (as in an infill wall) and perpendicular to (as in a steel reinforced concrete composite column) the longitudinal axis of the shear connector subjected to both monotonic and large amplitude cyclic (i.e., seismic) forces. An extensive set of test results of headed steel anchors in configurations applicable to composite construction has been collected and analyzed relative to the design provisions provided in Appendix D ACI 318-08 (2008) and PCI 6th (2004) . Recommendations and design guidelines specific to composite construction are then proposed within the context of the AISC Specification (AISC, 2005a) for headed steel stud anchors subjected to tensile and combined tensile and shear forces in composite construction.
The scope of this work is limited to headed steel stud anchors highlighted by AISC (2005a) Chapter I with diameters less than or equal to 1 in. (25 mm) Section I1.4 of the commentary of AISC (2005a) specifies the nominal yield and tensile strengths for typical ASTM (1999) A108 Type B studs as 51 ksi (350 MPa) and 65 ksi (450 MPa), respectively. Tests from the literature were not considered for this study if there were likely edge effects. Specifically, tests were only considered if they had a minimum distance of 1.5 times the effective length of the anchor to any edge. Moreover, tests collected in this work were included only if the concrete strength (for both normal and lightweight concrete) was larger than 3 ksi (21 MPa), which is the minimum strength permitted by AISC (2005a).
CHAPTER 3 MONOTONIC BEHAVIOR OF HEADED STUDS SUBJECTED TO TENSION FORCES
Two general philosophies exist to predict a brittle tension failure of an anchor, the 45-degree cone method and the concrete capacity design (CCD) method. For the 45-degree cone method (Courtois, 1969) , the concrete strength of an anchor is computed assuming a conical surface (Figure 1(a) ) taking the slope between the failure surface and concrete surface as 45 degrees. As the depth of embedment of the headed anchor increases, the area of the conical section increases proportionately up to the point of full embedment. Following this philosophy and deducing results from experiments, Nelson Stud Welding (1974) stated an embedment depth of 8 to 10 times the anchor shank diameter was required for the concrete breakout strength to be larger than the tensile strength of the steel in headed anchors. From the Nelson report, a reduction factor of 0.75 was proposed to determine the concrete capacity strength in the case of lightweight concrete. Cannon et al. (1981) proposed one of the first guides to compute anchors subjected to tension, shear and combined loads. These recommendations included using a conical failure surface to compute the tensile strength and were adopted by ACI 349-80 (1980) . The design strength of concrete for anchorage was based on a uniform tensile stress of ( )
acting on an effective stress area, which was defined by the projected area of stress cones radiating toward the attachment from the bearing edge of the anchors. The resistance factor, φ, was 0.65.
PCI (1978) adopted the conical failure surface to predict a brittle failure of the concrete and this method was retained in the PCI Handbook until the 5 th Ed (1999). However, PCI (2004) adopted the provisions in ACI 318-02 Appendix D (ACI, 2002), which were based on CCD, to compute tension strength of anchors assuming uncracked concrete. In the CCD method (Fuchs et al., 1995) , the concrete strength of a single anchor is calculated assuming a four-sided pyramid failure surface, with a slope between the failure surface and the surface of the concrete member of 35 degrees (Figure 1(b) ). The most recent versions of ACI 318 Appendix D (ACI, 2005 (ACI, , 2008 ) retained this approach.
With respect to documenting the behavior of headed steel stud anchors in connections between steel and concrete through embedded plates, the anchors need to be analyzed as a group when the separation between anchors is less than 3h ef (ACI 318-08). As examples of this type of construction, Roeder and Hawkins (1981) focused on the behavior of connections between steel beams and concrete walls, and Murray (1983) and Marsh and Burdette (1985) carried out a study of anchor plates in concrete footings. These types of connections are covered extensively by ACI 318 Appendix D (ACI, 2008). Bode and Roik (1987) conducted 106 tests deducing a formula to predict the tensile strength of Nelson headed studs: The characteristic value of tensile strength, i.e., is the value of the strength exceeded by 95% of the cases with a 90% confidence, is presented in by Eq. 1 and the average value is given by Eq. 2.
Cook et al. (1992) carried out 178 tests with headed studs and retrofit anchors subjected both to static and dynamic loads, comparing the deflection behavior and mode of failure. The main conclusion about cast-in-place anchors was that the embedment length provisions of ACI 349-80 (ACI, 1980) ensure the anchors fail in a ductile mode. Saari et al. (2004) simulated the edge conditions of infill walls, taking into consideration typical reinforcement used in these structural elements. The conclusions gathered from this work for anchors subjected to tension and combined tension and shear interaction indicate that proper confinement (e.g., steel cages around the anchor) can mitigate concrete breakout failure.
A comprehensive state-of-the-art in cast-in-place and post-installed anchors can be found in ACI 355 (1997) and CEB (1994). The above review summarizes the basis for current, general anchorage provisions of embedded anchors subjected to tension and shear plus tension interaction. There are several special circumstances for anchors in composite structures that should be considered when reviewing this work: a) Headed steel stud anchors in composite construction are attached to hot-rolled sections that provide substantial stiffness as compared to flexible plates that are often used in the literature to study the effect of embedded anchorage conditions; this affects the distribution of force between adjacent anchors. b) Composite construction that has cases of anchors subjected to tension or shear plus tension interaction generally includes steel reinforcing bars in the concrete to confine the steel anchors. c) Edge conditions that cause premature failure are virtually always avoided in the vicinity of cast-in-place anchors in composite construction due to the presence of typical perimeter reinforcement.
Comparison of PCI 5
th and ACI 318-08 / PCI 6 th for tension
Throughout the different editions of the PCI Handbook, there have been several formulations to compute the tensile strength of an anchor. Conical failure surface for an anchor in tension was adopted up to PCI (1999), as presented in Table  1 , with a resistance factor of 0.85. Concrete failure occurs, when not influenced by edge conditions, when the minimum of either the "pull out strength" or "breakout strength" is reached before the steel strength is reached. The expressions used to check the pullout and breakout strength are presented in the Table 1 , presenting the 5% fractile formula (which is used as the nominal strength formula) for PCI 5 th and distinguishing between the 5% fractile (nominal strength) formula and the average formula for the ACI 318-08 (CCD method), since the average formulas of CCD may be found in Fuchs et al. (1995) . PCI 6 th adopted the ACI 318 formulas in the particular case of uncracked concrete. The nominal strength (5% fractile) formula used in ACI 318 Appendix D for anchoring, such as Wollmershauser (2004) Zhao (1993) , and Saari et al. (2004) . Tests that were heavily influenced by group effects due to two or more studs being closely grouped together were omitted from this data set. A summary of the tests found in the literature with their hef/d ratios, number of tests reported by authors, type of configuration, type of concrete, and range of concrete strength is shown in Table 3 . The strength was computed for each test using the PCI 5 th and ACI 318-08/PCI 6 th approaches and compared with the experimental results. For all tests, the ratio between the experimental strength and the predicted strength is presented in the graphs. The different authors usually tested anchors subjected to tension forces without carrying out tests on single anchors to determine the measured strength of the steel. The nominal values reported by the authors are thus used for the predictions in this work.
Assessing the accuracy of the provisions for all tests analyzed in this work (Figure 2 ), it can be seen that PCI 5 th (Figure 2 (a)) presents slightly more conservative results and larger scatter than ACI 318-08 and PCI 6 th ( Fig. 2(b) ). While the scatter of the ACI 318-08 and PCI 6th is lower, the accuracy is still affected by several outliers, including two from the infill wall tests reported by Saari et al. (2004) , tests #1 and #60 in the graph. The main difference between configurations 1 (test #60) and 2 (test #1) in Saari et al. (2004) was the amount and location of steel reinforcement. Configuration 1 (Figure 3(a) ), designed as a "perimeter bar" scheme, consisted of tying two #4 reinforcing bars directly to each line of steel anchors. This configuration did not facilitate the transfer tension load from the stud to the reinforcement due to the small overlap between them. The failure was due to breakout of the concrete for this configuration. Configuration 2 ( Figure 3(b) ) was designated as a "confinement cage" and was designed specifically to avoid all likely failure modes in the concrete in infill walls. The steel cage provides two beneficial effects: first is the confinement of the concrete provided by the reinforcing cage, which is tangible but difficult to quantify; second, a reinforcement detail crosses each likely failure surface of the concrete. In this way, the steel anchor can transfer the axial tensile load to the reinforcement following the scheme shown in Figure 3 (c).
Analyzing the results with resistance factors, PCI 5 th ( Fig. 2(c) ) applies a resistance factor of 0.85 for the concrete formula and a resistance factor of 1.00 for the steel formula. ACI 318-08 and PCI 6 th provide a resistance factor 0.7 for the concrete formula and 0.75 for the steel formula. ACI 318-08/PCI 6 th ( Fig. 2 (d) ) then becomes more conservative than PCI 5 th ( Fig. 2(c) ) when resistance factors are applied.
Tests failing within the steel shank or weld (59 tests) are well predicted by the steel formula , as can be seen in Figure 4 , particularly Figure 4 (b) for ACI 318-08 and PCI 6 th . Without resistance factors, PCI 5 th is more conservative in its prediction of the strength (Fig. 4(a) ) due to the coefficient C t = 0.9 (see Table 2 ). However, with resistance factors, ACI 318-08/PCI 6 th ( Fig. 4(d) ) become more conservative, with an average value of the test-to-predicted ratio of 1.443, as compared to PCI 5 th (Figure 4 (c)). Tests failing in the concrete (163 tests, Figure 5 ) presented larger scatter than tests failing in the steel, and the scatter increased when the resistance factors were applied. In addition, the prediction of failure by a conical surface (PCI 5 th ) became more accurate, however it was unconservative for many tests analyzed in this work, as can be seen in Figure 5 .
From the analysis of the tests failing in the concrete, it may thus be deduced that the ACI 318-08/PCI 6 th approach (four-sided pyramid) better predicts the behavior of the concrete failure modes due to the similar average value as compared to the PCI 5 th equation, but with a smaller standard deviation. Since the model of the four-sided pyramid that forms a slope of 35º with the horizontal surface ( Figure 1(b) ) is concluded to be more accurate for concrete failures, it may be said that the edge effects for studs in tension are avoided if the distance to a free edge is larger than 1.5h ef . 
Assessment of headed steel stud tensile strength using s u A F
Using recommendations by Ravindra and Galambos (1978) , resistance factors can be computed to provide a required level of safety using the steel prediction formula ( ) for the tests failing by the steel. Given a reliability index, the resistance factor can be computed using (Eq. 3). [ 3 ] where:
is the average of the ratio between test result and predicted value (equals to 1.082 for the analyzed test). Predicted values are computed using the nominal material properties reported by the authors. α equals to 0.55, given by Ravindra and Galambos (1978) .
β is the reliability index that is equal to 4 in this study. In conclusion, from the analyzed tests, a C t factor of 1 and resistance factor (φ) of 0.75 is recommended to predict safely the behavior of headed studs in tension when the failure occurs in the steel.
Headed steel stud tensile strength for
Within the context of AISC design (AISC, 2005a), the philosophy of design for composite structures is typically based on a ductile failure in the composite members. Hence, the provisions proposed herein for tensile strength seek to ensure a ductile failure by the steel. A flow chart summarizing the types of failures for studs in the concrete subjected to tension forces is given in Figure 6 . Recommendations to avoid brittle failures by the concrete are presented in this section. The properties of typical headed studs [e.g., Nelson Stud Welding (2004)] are listed in Table 4 . The estimated steel strength ( ), assuming a nominal strength of 65 ksi (450 MPa) is also presented in Table 4 . Three main types of failure may occur in the concrete in an anchor subjected to tension, namely: side-face blow-out, pullout, and concrete breakout ( Figure 6 ). Side-face blow out is not considered in this study because it occurs only when an edge is located near the anchor ( Figure 6 ). This type of failure is automatically avoided (Section D.5.4. of ACI 318-08, Appendix D) when two times the distance to an edge is larger than h ef .
Regarding pull-out failure, the strength given by the 5% fractile formula and the average formula (Table 1) for concrete pull-out failure and steel shank strength are computed and listed in Table 4 for the most common headed stud anchors. Assuming that the concrete strength in the composite component equals 3 ksi (21 MPa) to reach a conservative result and assuming uncracked concrete (due to the typical reinforcement, mitigating the effects of cracking, that exists in composite components), if the steel strength formula is equated to the concrete pullout average strength formula, then a minimum ratio of 1.63 between the diameter of the head and the diameter of the shank is found to be needed to obtain a steel failure instead of a brittle pullout failure (this minimum required ratio decreases with increasing concrete strength). For breakout failure, a theoretical deduction may be presented in the same manner. A ratio of effective height to shank diameter (h ef /d) necessary to have the concrete breakout strength be equal to the steel shank strength of the headed studs may be determined. The 5% fractile formula and the average value to compute the breakout strength of a single anchor subjected to tension in uncracked concrete are presented in Table 1 . Ratios for the value of h ef /d that provide a ductile failure of the headed stud rather than a failure in the concrete assuming a nominal steel strength of 65 ksi (450 MPa) and several concrete strengths [between 3 ksi (21 MPa) and 10 ksi (69 MPa)] are presented in the Fig. 7 for both the 5% fractile formula without resistance factors and the average formula of the ACI 318-08. For normal weight concrete, using the average formula to develop the full strength of steel [65 ksi (450 MPa)] before concrete fails by breakout (Figure 7(a) ), a minimum ratio of h ef /d between 4 and 8.1 is necessary to avoid failure in the concrete, depending on the concrete strength and the diameter of the headed stud. A formula of the minimum value of h ef /d required to ensure failure in the steel may also be deduced (Eq. 5) from the graphs presented in the Figure 7 (a) (ACI 318-08, average formula) as a function of the concrete strength and the steel anchor diameter:
inches)
A ratio of 7.8 (the maximum from Eq. 5 for the range of values shown in Figure 7 ) is obtained from the Eq. 5 to ensure a ductile failure when f'c = 3 ksi (21 MPa) and d = 1 in. (25 mm). Using the 5% fractile formula of ACI 318-08 (Fig.  7(c) ), a ratio of 7.8 (the maximum for the range of values shown in Fig. 7 ) is obtained to ensure a ductile failure when f'c = 3 ksi (21 MPa) and d = 1 in. (25 mm).
On the other hand, using the PCI 5th formula presented in Eq. 3, it is determined ( Figure 7 (e)) that the ratio is between 5.1 and 6.6 and does not depend significantly on the diameter of the stud, only on the concrete strength.
Furthermore, from the experiments, a summary of failure modes found in the 222 tests of headed steel stud anchors subjected to tension is given in Table 5 . All tests have been classified as greater than or less than a given h ef /d ratio of 5.5, 7.5, or 9.5. Assuming that h is a few percent larger than hef to account for the depth of the stud head, it can be reasoned that for a headed stud whose h ef /d value is right at the limit equal to 7.5, a proposed minimum value of 8 for h/d may be adequate to check the steel formula alone, assuming no edge effects are engaged in the region of the steel anchor, since 82% of the 61 tests with ratios larger than this limit failed in the steel.
In order to predict the 18% of the tests that failed by the concrete with h ef /d >7.5, Fig. 8 In the same sense, a minimum ratio of h ef /d to ensure failure in the steel anchor rather than in the lightweight concrete may be deduced by reducing the concrete strength by the reduction factor for lightweight concrete (λ equal to 0.75) given by Nelson Report (1974) and ACI 318-08. This results in a minimum ratio of 9.5 for h ef /d (approximately equal to a minimum value of h/d of 10) when using the average formula of ACI 318-08 (Figure 7(b) ) to reach a ductile failure in the steel instead of concrete breakout failure for steel anchors subjected to tension for lightweight concrete. When using the 5% fractile formula, the envelope to ensure a ductile failure is 12 ( Figure 7(d) ). As in the case for the normal weight concrete, a formula for the minimum value of h ef /d required to ensure failure in the steel may also be deduced from the graphs presented in the Fig. 7(b) (ACI 318-08, average formula) as a function of the concrete strength and the steel anchor diameter for lightweight concrete. Equation 6 is thus derived from the average formulas Fig. 7(b In the case of lightweight concrete, it is more difficult to conclude results directly from the experiments due to the scarce data found in the literature for tension tests ( Table 5 ). The tests found in the literature are by McMakin (1973) whose test configuration may generate edge conditions for some of the large studs considered. The two tests with h ef /d larger than 9.5 present an effective depth of 8 in. (203 mm) and a edge distance of 12 in. (305 mm). Both tests are thus right at the limit to permit the full development of the four-sided pyramid of CCD since the distance to an edge should be at a minimum 1.5 times the effective height. The concrete strength is thus possibly limited by the edge conditions in these tests. Therefore, no consistent conclusions may be derived from the experimental data.
As a conclusion, to avoid the breakout strength of the concrete, i.e., to be able to check only the steel formula to assess the tension strength of headed stud anchors, and considering the relationship between the overall height (h) and the effective height (h ef ) of the studs such as discussed above, h/d ratios of 8 and 10 (h ef /d of 7.5 and 9.5) may be proposed for normal and lightweight concrete, respectively. In addition, the minimum ratio of the diameter of the head to the diameter of the shank should be taken as 1.63 either normal or lightweight concrete if only the steel formula is to be checked. Finally, edge effects and group effects (placing headed steel stud anchors too closely together) must be avoided for it to be adequate to only check the steel strength formula; this is addressed further below.
CHAPTER 4 MONOTONIC BEHAVIOR OF HEADED STUDS SUBJECTED TO SHEAR AND TENSION FORCES
For studying the interaction of tension and shear in headed steel stud anchors, McMakin et al. (1973) carried out 54 experimental tests and proposed an elliptical interaction equation with exponents on both the tensile and shear strength terms equal to 5/3 to predict the associated limit states. This formula is used in several codes, including ACI 318-08 (2008) and PCI 6 th (2004) to describe the behavior of anchors subjected to combined tension and shear (Figure 9 ).
Bode and Roik (1987) proposed a tri-linear equation as an approach to describe the behavior of anchors. One advantage of this model over an elliptical equation is that interaction need not be checked if the axial or shear force applied to the anchor is smaller than 20% of the ultimate strength in tension or shear, respectively.
Saari et al. (2004) tested 2 specimens simulating the conditions in infill walls
with two levels of confinement (see Figure 3) , showing that additional confinement and better reinforcement detailing are important to provide ductile failure due to combined forces, just as for tensile forces.
Comparison of PCI 5
th and ACI 318-08 / PCI 6 th for combined shear and tension.
Equations found in the literature that predict the strength of an anchor subjected to shear and tension interaction are shown in Figure 9 . The tri-linear and elliptical equations are adopted by the ACI 318-08 (2008) and PCI 6 th (2004) to predict the behavior of headed steel stud anchors subjected to combined tension and shear. The differences of the results obtained from the ACI 318-08 (2008) and PCI 6 th (2004) in the interaction equations are due to the shear strength prediction, since the tensile strength formulas match for both codes when uncracked concrete is assumed.
The radial ratio between the experimental and predicted values presented by Eq. 7 ( Figure 9 ) is used to compare the experimental results with the predictions by the tri-linear and the elliptical approach. The assessment of the accuracy of ACI 318-08 and PCI 6th is carried out through the computation of nominal values provided by the standards (using the steel formula and 5% fractile formula for concrete). The nominal shear strength of concrete, , in this work is predicted by pryout failure equations for the corresponding provisions as presented in Pallarés and Hajjar (2009) . The nominal tensile strength of concrete, , is predicted by the minimum strength of pull-out and breakout strength presented in this work assuming uncracked concrete. Bode and Roik (1981) . The configuration of the tests, the type of concrete and the range of concrete strength may be found in the Table 6 . Tests failing within the steel shank or weld are well predicted by the steel formulas of ACI318-08 applied to the tri-linear equation, with a test-to-predicted ratio of 1.089 (Figures 11(a) and 11(b) ), and the elliptic approach with a ratio of 1.010. Both the ACI 318-08 and PCI 6th approaches provide the same prediction with and without resistance factor (Figure 11(c) and 11(d) ) since the equations and resistance factors coincide for the steel formulas.
Tests failing in the concrete (Figure 12 ) presented larger scatter than steel failures, with the formulas of PCI 6 th (pryout for shear and the minimum of pull-out and breakout for tensile strength) more conservative than those of ACI 318-08.
In both ACI 318-08 and PCI 6 th , the elliptical equation analyzing all tests, is more accurate than tri-linear, although the tri-linear equation permits to neglect interaction forces when the tension or shear force is smaller than 20% of the nominal strength value, respectively.
Headed steel stud interaction strength for
As for the case of headed steel stud anchors subjected either to tension or shear (Pallares and Hajjar, 2009), for composite construction it is advantageous to consider cases where a ductile failure mode typically controls and only the steel strength needs to be checked. A summary of failures found in the 54 tests of headed steel stud anchors subjected to interaction of shear and tensile is given in the Table 7 . All tests have been classified as greater than or less than a given d h ef ratio of 5.5, 7.5, or 9.5, as was done above when investigating the behavior under tension. In the Table 7 , a value of 7.5 for d h ef (i.e., a value of 8 for d h as discussed above) may be proposed to check only the steel formulas in the elliptical equation since the 71.4% of the 14 tests with ratios larger than this limit failed in the steel. The results of considering the tests with 5 .
are shown in the Figure   13 (a) and 13(b). The use of steel formula alone provides more accurate but slightly unconservative results for the elliptical equation with an average of test-to-predicted ratio of 0.963 ( Figure 13(a) ). The tri-linear equation produces a mean test-topredicted ratio of 1.241.
In order to predict the 28.6% of the tests that failed by the concrete with 5 . Figure 13 assesses the accuracy of using the steel formula without (Figure 13 (a) ) and with ( Figure 13(b) ) the resistance factors obtained for tension (0.75) and shear (0.65). For simplicity, and because all the results are safe (i.e., the mean value of the test-to-predicted ratio is 1.782 and 1.385 for the tri-linear and elliptical equations, respectively) when the resistance factors are applied, the use of only the steel formula is reasonable if d h is greater or equal to 8. Recommendations given for headed studs subjected to tension, regarding the ratio between diameter of the head and the diameter of the shank to avoid pull-out failure, and the distance to edges to avoid side blow out and premature breakout failure are applicable to studs subjected to tension plus shear.
Figures 13(a) and 13(b) are based on assuming a constant, conservative, minimum value of 7.5 for the value of d h ef above which only the steel formula needs to be checked. However, as with the case of tensile loading applied to the stud, Eq. 5 can also be used to calculate this value. For example, if one again assumes that the minimum concrete strength in a composite component is 5 ksi (35 MPa) and the headed steel stud anchors are 3/4 in. (19 mm) in diameter, the value of d h ef above which only the steel formula needs to be checked is 6.36 from Eq. 5. Figure 13(c) then shows the mean test-to-predicted ratios for tests having d h ef greater than or equal to 6.36, with concrete strength greater than or equal to 5 ksi (35 MPa), shank diameters equal to 3/4 in. (19 mm) , and using only the steel formula to check the strength of the headed steel stud anchors in interaction of shear and tension. The tests are predicted conservatively. This is again representative of the results of using Eq. 5 to determine the minimum value for d h ef above which only the steel formula needs to be checked. Figure 12 . Assessment of interaction strength due to concrete formula of ACI 318-08 (2008) and PCI 6 th (2004) for tests that failed in the concrete. With so few experiments available for lightweight concrete subjected to combined tension and shear, it is not reasonable to propose checking only a steel strength interaction formula to ensure safe design. Headed steel stud anchors subjected to combined tension and shear with lightweight concrete should thus be checked for concrete failure modes as well (ACI, 2008). 
EDGE CONDITIONS AND GROUP EFFECTS
ACI 318-08 (2008) and PCI 6 th (2004) are based on the CCD approach for predicting tensile strength of a headed steel stud anchor in concrete, which assumes a four-side pyramid as a model for the planes of failure that occur in tension ( Figure  1b) . As this failure mode assumes a failure slope of 35º off the horizontal, the minimum distance to an edge that enables the development of the full strength of the four-side pyramid is (Figure 1b) . In composite construction, if a stud is located in close proximity to a free edge or corner and loaded n tension, suitable reinforcement (e.g., based on using strut-and-tie procedures) should be provided to prevent the concrete from splitting or cracking, and the concrete strength provisions of ACI 318-08 (2008) Appendix D should be checked.
Similarly, when the distance between anchors is smaller than , the planes of failure formed by the pyramids of neighboring anchors intersect and do not allow the development of the full concrete strength of each anchor ( Figure 14) . Use of Eqs. 5 and 6 may be used to assess an adequate value of hef for determining the minimum value of to avoid group effects. When the minimum required distance of to avoid group effects between anchors is too large for a composite element, the concrete strength should be checked as per ACI 318-08 (2008). In addition, reinforcement based on strut-and-tie models is proposed by ACI 318-08 Appendix D (2008). While having an anchor of sufficient length increases the likelihood that the failure occurs in the steel, regardless of the surrounding reinforcement, it is always best for anchors in tension to provide supplemental reinforcement to help mitigate primary failure patterns in the concrete. This is especially important with shorter anchors subjected to tension. The commentary of ACI (2008) states the benefits of the supplementary reinforcement that may be used in the case of cast-in-place anchors.
Furthermore, several methods exist to increase the strength of short anchors that likely fail by the concrete, including:
A reinforcement grid is often designed perpendicular to headed steel stud anchors in composite structures. The grid has a beneficial effect on the concrete failure surrounding the stud, increasing the strength up to 38% (Raposo et al., 2007) . Circular plates may be added to increase the failure surface of the concrete pyramid failure plane (Figure 15(a) ). Hawkins (1987) reported results showing that these plates can increase the breakout strength between 20% and 30%. Bode and Roik (1985) proposed a series of welded studs to increase the effective embedment as shown in Figure 15 (b).
Provide well-confined concrete surrounding the stud. Although more tests are needed to quantify the effect of confinement, the beneficial effect of confinement may be seen in the tests of Saari et al. (2004) .
Provide details such as shown in the Fig. 15(c) that avoid a failure on the breakout surface through the application of strut-and-tie models.
CHAPTER 6 SEISMIC BEHAVIOR OF HEADED STUD IN TENSION AND INTERACTION SHEAR AND TENSION
Most research on anchors subjected to cyclic (seismic) tensile loads have been on post-installed anchors, including Cannon (1981) , Lindquist (1982) , and Copley and Burdette (1985) . Nonetheless, Usami et al. (1980) tested groups of cast-in-place anchors subjected to cyclic tension forces, analyzing the types of failures for effective embedment depths of 8.4 times the diameter of the shank, concluding that for shear forces a reduction in strength of approximately 20% and 30% is produced. However, Lindquist (1982) and Eibl and Kenitzeil (1989) researched tensile cyclic loads in postinstalled anchors and stated that no reductions in strength were seen. Saari et al. (2004) stated that the greatest impact of cyclic loading was in the large reductions in the amount of displacement ductility. A reduction of 17% in shear strength reduction was seen due to cyclic shear loading in combination with the application of monotonic tension for headed steel stud anchors well confined by reinforcement, but they did not investigate the effects of cyclic tension specifically. Despite this past work, more studies are needed to determine the influence of reinforcement in the vicinity of the anchor, simulating conditions in composite structures, for cyclic tensile or cyclic tension plus shear loading on headed steel stud anchors. • Conditions that lead to tension and combined shear and tension in headed steel stud anchors are becoming more prevalent, including applications such as infill walls, coupling beams, connections to composite columns, or composite column bases. A total of 222 experimental results on headed stud anchors under tension forces have been compared with both the 45 degree cone method (PCI, 1999) and the concrete capacity design (CCD) method (PCI 2004; ACI, 2008) to predict the concrete failure mode. The CCD approach is seen to be more conservative and with lower scatter as compared to the 45 degree cone method. From applying this method, a distance of 1.5h ef to develop the full tensile strength provided by the CCD model of the four-sided pyramid delineating the concrete failure surfaces is necessary to avoid edge conditions reducing the tensile strength of the anchor in composite construction, This method, appropriate especially for computing the strength of short steel anchors, is used in this work as the basis for comparison with steel failures discussed below.
• Through a detailed review of headed steel stud anchors subjected to tension, the nominal strength formula with a resistance factor of 0.75 with a reliability index β of 4 is confirmed as being adequate to determine the strength of headed stud anchors with sufficient enough embedment to reach a ductile failure. • For lightweight concrete, the minimum ratio d h ef should be increased to 9.5 (i.e., a minimum d h of 10) to reach a ductile failure in the steel for headed studs subjected to tension forces. Alternatively, smaller values of d h ef (or d h ) may be used based on the values computed from in Eq. 6 as a function of concrete strength and anchor diameter.
• From the 54 experimental results of headed steel stud anchors subjected to combined shear plus tension, it is seen the elliptical interaction equation is more accurate than tri-linear interaction equation to predict the strength. The application of corresponding resistance factors of 0.75 or tension and 0.65 for shear (Pallarés and Hajjar, 2009 ) provides safe results for all tests.
• There are too few tests with lightweight concrete subjected to combined tension and shear to validate checking on a steel strength formula.
• Edge conditions and group effects for headed studs in tension or interaction should be taken into consideration by checking concrete failure modes (ACI, 2008) when the distance between anchors is smaller than and , respectively. Proper detailing reinforcement that mitigates failure in the concrete is always recommended in headed steel stud anchors subjected to tension or combined shear and tension to ensure ductile failure in the steel shank. Several recommendations and references relevant for composite construction are summarized for ductile detailing. • More studies are necessary to improve the understanding of seismic behavior of headed stud anchors subjected to shear and combined tension and shear, particularly for cyclic loading. The few tests analyzed in this work confirm that the 25% reduction in the shear strength proposed by NEHRP may be adequate even for anchors subjected to combined tension plus shear. 
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